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(Received 22 November 2012; accepted 9 January 2013; published online 28 January 2013) Plasma turbulence is explored in the scrape-off layer of tokamak devices using three-dimensional global two-fluid simulations. Two transport regimes are discussed: one in which the turbulent fluctuations saturate nonlinearly due to the Kelvin-Helmholtz instability, and another in which the fluctuations saturate due to a local flattening of the plasma gradients and associated removal of the linear instability drive. Focusing on the latter regime, analytical estimates of the cross-field transport and plasma profile gradients are obtained that display Bohm-scaling diffusion properties.
[http://dx.doi.org/10.1063/1.4789551] Plasma dynamics in the edge of magnetic fusion devices largely govern the performance of the entire device. 1 Of key interest is the scrape-off layer (SOL) region, in which the magnetic field lines are open and terminate on the machine vessel. The plasma dynamics in this region, which involve the interplay between the plasma fluxes from the core region, the turbulent transport across the magnetic field lines, and the losses to the vessel walls, determine the peak heat loads at the vessel-one of the most critical issues in fusion reactors. A widely accepted theoretical model of the SOL region remains elusive, compromising our ability to reliably predict the performance of future devices such as ITER.
In this Letter, we present three-dimensional two-fluid simulations of plasma turbulence in the tokamak SOL. Using an approach similar to the simulations in, e.g., Refs. 2 and 3, we evolve the full profiles of the various quantities with no separation made between perturbations and equilibrium, and therefore we explore the self-consistent evolution and structure of the plasma profiles in the presence of (i) the plasma and heat flowing from the tokamak core to the SOL, (ii) the cross-field transport produced by plasma turbulence, (iii) plasma flow along the field lines, and (iv) plasma losses at the sheaths where the magnetic field lines terminate on the walls. We focus on a relatively simple configuration: circular magnetic flux surfaces and a toroidal limiter placed on the high-field side equatorial midplane of the device, with negligible E Â B shear flow. This relative simplicity allows analytical progress and the identification of the mechanisms that presumably underlie the physics of more complicated configurations. In fact, we derive analytic estimates of the SOLturbulence saturation level, perpendicular transport, plasma profile scale-lengths, and other quantities that are in reasonable agreement with the simulations over a wide range of parameters. These indicate the turbulent fluctuations are roughly comparable to the time-averaged quantities, develop across a radial zone that is intermediate between the macroscopic equilibrium scale length and the microscopic scale length of linear modes, and lead to Bohm-type transport scaling.
The SOL simulations evolve the drift-reduced Braginskii equations (see, e.g., Refs. 4 and 5) in a limit that can capture the resistive-ballooning dynamics, while remaining relatively simple: T i ( T e , large aspect ratio, and circular flux surfaces. The main results reported here have been observed in simulations over a range of magnetic shear and 
In Eqs.
(1)- (5),
cÞ, a is the minor radius, x is the radial coordinate, z is parallel to B, y is perpendicular to both x and z (equivalent at large aspect ratio to a poloidal coordinate) with y ¼ 0 and y ¼ 2pa ¼ L y corresponding to the limiter plates at the high-field side equatorial midplane. The source terms
2 S mimic the plasma flowing from the tokamak core and thus the x > x S region is one of the interest in our simulations (we neglect ionization, recombination, and radiative losses). Here, we present simulations with k S ¼ 5q s though we have checked that our main findings do not significantly depend on this parameter. We consider Eqs. (1)- (5) in a domain that covers the full toroidal angle, extends radially from x ¼ 0 to x ¼ L x and poloidally from y ¼ 0 to y ¼ L y . Neumann boundary conditions are applied along the x direction. The plasma sheath losses are implemented at the limiter plates, y ¼ 0 and y ¼ 2pa, by using Bohm's boundary conditions for the parallel velocities, V ki ¼ 6c s and V ke ¼ 6c s expðK À e/=T e Þ, while Dirichelet boundary conditions are imposed for the other fields. Simulations with other sets of both perpendicular and parallel boundary conditions, as well as other limiter positions, suggest that these elements do not impact our main results. Equations (1)- (5) are solved by the GBS code 5 using a finite difference scheme with Runge-Kutta time stepping. Small numerical diffusion terms are added, as described in Ref. 5 .
Simulations have been performed over a range of parameters, including the safety factor q ¼ (2, 4, 8, 16), ¼ e 2 n=ðm i r k Þ ¼ ð0:01; 0:1; 1; 6Þc s =R; m e =m i ¼ 200; L y ¼ ð200; 400; 800Þq s ; R ¼ 500q s . The strengths of the density and temperature sources have been varied by a factor of four. The simulations are started with small amplitude random noise; the sources then introduce plasma and heat, increasing the plasma pressure and triggering curvature and pressure-gradient driven instabilities. After a transient phase, a quasi-stationary state is reached in which the plasma, generated by the source and transported by the turbulent dynamics in the radial and parallel directions, is eventually removed from the system by the losses at the limiter plates. Fig. 1 shows a snapshot of plasma turbulence in this quasistationary state, revealing the presence of plasma blobs, a prominent feature of the SOL dynamics. 7 Turbulence in our system stems principally from the resistive ballooning mode and, depending on the simulation parameters, drift waves (DWs) can also be active. 
On the other hand, when gradients become sufficiently steep, DW can play a role. DW have peak growth rate, c $ c s =L p , in correspondence of k y q s $ 1. 6 Through our simulations, we explore two mechanisms that saturate the growth of the linear modes. The first is the Kelvin-Helmholtz (KH) instability, which is excited by the radial streamers and associated velocity shear arising from the primary instabilities. It is typically triggered when the nonlinear and linear terms in the vorticity equation become competitive, @ t x $ ðc=BÞ½/; x, leading to/ $ Bc=ðck x k y Þ (we denote equilibrium, time-averaged quantities with an overbar, and fluctuating quantities with a tilde, e.g., / ¼ / þ/). The pressure fluctuations can be estimated from a similar balance in the continuity and temperature equations [Eqs. (1) and (3)] as @ t p e $ ðc=BÞ½/; p e or cp e $ ck y p e/ =ðBL p Þ, or with the previous estimate for/:
x . Finally, since the KH instability has a peak growth rate at k x $ k y , we are led, assuming KH is dominant in the saturation mechanism for the turbulence, to the usual mixing length result, D KH ¼ c=k 2 y , for the anomalous diffusion coefficient. In the standard reference-case that DWs are the dominant primary instability, this gives a Gyrobohm diffusion coefficient D $ q s c s ðq s =L p Þ.
In addition to the KH instability, a second possible turbulence saturation mechanism present in the simulations is the local nonlinear flattening of the plasma gradients by the primary modes, which requires (for example) @ x p e $ @ xpe . Following nonlocal linear theory methods (outlined, e.g., in Ref. 8 for DW and Ref. 9 for curvature-driven modes), one can estimate the typical radial extension of the linear modes present in the SOL in usual turbulence regime of k y L p > 1 and within the hypothesis, satisfied in our simulations, that the pressure gradient varies on a spatial scale comparable to L p . For both DW and ballooning modes, one finds k x $ ffiffiffiffiffiffiffiffiffiffiffi k y =L p p , an intermediate scale between the turbulence and equilibrium scale lengths. With the hypothesis that the radial width of the modes is carried over by the turbulent eddies, one therefore obtains a characteristic amplitude for the pressure fluctuationsp e =p e $ 1= ffiffiffiffiffiffiffiffiffi k y L p p . With the relation between/ andp e obtained earlier from the pressure equation, the estimates for the heat flux and anomalous diffusion coefficient, assuming the gradient removal is the mechanism at play, are C x $ p e c=k y and D GR ¼ cL p =k y . In the case of DW, this gives a Bohm diffusion coefficient D $ q s c s .
Which of the two saturation mechanisms are at play in the SOL? Comparing the diffusion coefficients, one finds D KH =D GR $ 1=ðk y L p Þ < 1. Provided that KH is unstable, we would therefore expect it to dominate, since it will act first to limit the growth of the linear modes and therefore the transport to smaller levels than the gradient-removal mechanism. But this prediction is not always consistent with the simulations. To explore this, we removed the KH instability from the simulations by replacing / in the Poisson bracket of Eq. (2) with its instantaneous y-average, h/i y , i.e., ½x; / ! ½x; h/i y . Fig. 2 shows typical snapshots in the presence and absence of the KH term in a q ¼ 4 and q ¼ 16 simulations. Contrary to our prediction, in the case of the q ¼ 4 simulation, there are only small changes when the KH term is turned off, e.g., L p remains approximatively the same, suggesting that KH does not play a fundamental role in the simulations. In the q ¼ 16 simulation, however, as is typically the case in high-q simulations, the turbulent eddies become elongated when the KH is removed from the system, and a flattening of the profile is observed, i.e., L p doubles. This suggests the KH instability is indeed responsible for the saturation process in some cases (such as high q) but not in others.
To explain this, we note that the peak growth rate of the KH instability for a sinusoidal E Â B flow in the x direction, V E ¼ V 0 sinðk y yÞe x , is given by c KH ' 0:3k y V 0 and occurs at k x ' 0:6k y . 8 We also note that the turnover time of an eddy flow with x extension r x is given by s eddy $ r x =V 0 . For the KH mode to grow, one would expect c KH s eddy > 1 to be necessary. We have confirmed this threshold in two dimensional simulations of the vorticity equation, dr 
. We therefore expect that for simulations characterized by ffiffiffiffiffiffiffiffiffi k y L p p < 3, KH is stable, and the gradient removal process leads to turbulence saturation. In Fig. 3(a) , we plot the k y value of the typical turbulent eddies dominating various simulations versus ffiffiffiffiffiffiffiffiffiffiffi L p =k y p , also noting the cases in which, according to our numerical KH shut-off tests, KH plays an essential role. In agreement with our estimate, the KHsaturated simulations are characterized by ffiffiffiffiffiffiffiffi ffi k y L p p > 3. In the present Letter, we focus on the dynamics of the KH-stable cases. To test if the gradient removal is the saturation mechanism that operates in these cases, in Fig. 3(b) we show, for the ffiffiffiffiffiffiffiffi ffi k y L p p < 3 simulations, that the radial width of the eddies, r x , scales according to the gradient-removal estimate, ffiffiffiffiffiffiffiffiffiffiffi L p =k y p . Moreover, according to our heat-flux estimate in the case of gradient-removal, C x $ p e c=k y , we expect that the transport is dominated by the mode with the highest c=k y . In Fig. 3(c) , we show the comparison between the k y of the mode that dominates the spectrum of / (or p e or n) in the simulations and the k y of the mode corresponding to the highest value of c=k y , as obtained from the linear mode analysis carried out for each simulation. The good agreement suggests that gradient removal is indeed the mechanism at play in the KH-stable simulations.
With this understanding of saturation mechanism, we now analyze the scaling of the plasma profiles. Assuming that parallel losses dominate at the limiter plates and, according to Bohm's criterion, can be expressed as p e c s , 10 one can time and flux-surface average the leading order terms for the density and temperature equations, obtaining dhC x i y =dx $ p e c s =ðqRÞ in the source-free region. Approximating dhC x i y = dx $ hC x i y =L p and using the estimate hC x i y $ cp e =k y , one obtains the pressure scale length L p $ Rqc=ðk y c s Þ, which is intermediate between macroscopic and turbulent scale lengths. The comparison between this L p scaling and the simulation results is shown in Fig. 3(d) .
Assuming the ballooning mode is the dominant instability, consistent with our simulations as well as experimental observations in the far SOL, 11 we can now obtain a selfconsistent estimate of the plasma scale length in the SOL.
Moreover, one expects (from the peak of c=k y , for example) that k y $ k b , where k b is the typical resistive ballooning mode wavenumber given earlier.
, which favorably predicts a rather broad SOL for large, ITER-scale machines. With this and other estimates, the KH-stable parameter regime is ffiffiffiffiffiffiffiffiffi
, which is consistent with the linkage in our simulations of high-q and saturation due to the KH instability.
Accurate measurements have been carried in the SOL of the Alcator C-Mod tokamak, using standard Langmuir probes and gas puff imaging. In Ref. 12 , an inner-wall limited, nearly circular Ohmic plasma is described, similar to the scenario analyzed herein. The measurement data show across the SOL that L p ' 1 cm and L n ' 2 cm (profiles are steeper closer to the last close flux surface and less steep in the far SOL), while the correlation length in the poloidal direction shows k y ' 2:5 cm À1 . In particular, it is observed that ffiffiffiffiffiffiffiffi ffi k y L p p ' 1:5; therefore, we expect that turbulence is saturated by the gradient removal mechanism. In fact, the radial eddy extension is r x ' 1 cm in agreement with our estimate, r x $ ffiffiffiffiffiffiffiffiffiffiffi L p =k y p ' 0:65 cm. The relative fluctuation level of light emission in the experiment is about 40%, the same as our predictionp e =p e $ 1= ffiffiffiffiffiffiffiffi ffi k y L p p ' 0:6. We note that also in the TCV tokamak 13 and in other tokamaks (see Ref. 14 for a review), fluctuations of order unity have been observed in the SOL, a higher value than expected in the case of KH saturation. Regarding the estimate of the plasma scalelength, based on c $ c b , one obtains L p $ R 1=3 ðq=k y Þ
2=3
' 4 cm which is in reasonable agreement with the measurement in the far SOL measurements.
In conclusion, in the present Letter, we have carried out an analysis of turbulence in the SOL in a relatively simple scenario, revealing the mechanisms that set the amplitude of the turbulence. This has led to estimates of cross-field transport, plasma scale lengths, and other quantities. In the typical case, that the gradient-removal mechanism is at play in setting the turbulence level, the transport displays Bohm scaling in the canonical setting of DW and a related scaling for resistive ballooning modes. We note that Bohm-diffusion scalings are pointed out by experimental results in the SOL (see Ref. 10 for a discussion), and the claim has been made also in the core (see, e.g., Ref. 15) . As in simpler plasma geometries, 6 our analysis underscores the importance of simulating the full evolution of the plasma profiles without separation between the fluctuation and equilibrium scales. Further investigations are needed in order to extend our analysis to the description of diverted tokamak where experimental observations suggest a size-independent scaling for L p .
